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Description

[0001] The present invention relates to two dimen-
sional image display systems. More particularly, the
present invention relates to fault correction for non-
working or damaged pixels of light modulator arrays us-
ing separately mounted redundant light modulator ar-
rays.

[0002] High resolution display systems based on dis-
crete two dimensional arrays of reflective or transmis-
sive elements (visually recognized as "pixels") are used
in portable computers, LCD multimedia projectors, high
definition televisions, flat panel displays, and virtual re-
ality eyewear. As compared to conventional scanning or
projection devices (e.g. cathode ray tubes or video pro-
jectors), such devices operate at low voltages, making
them power efficient, and generally do not require long
optical paths for operation, making them space efficient.
[0003] However, widespread adoption of such devic-
es for consumer display systems has been hindered by
low manufacturing yields. A typical two dimensional ar-
ray (using, for example, LCD's that control light trans-
mission or micro-mirrors that control light reflection) may
have a million or more discrete elements, with failure of
only two or three elements making the display system
useless. Even worse, initially operable two dimensional
arrays may degrade in performance due to pinpoint
screen damage, electronic failures, or mechanical wear
and stiction problems. Particularly worrisome are dis-
play driver or mounting defects that can cause entire
rows or columns of elements in the two dimensional ar-
ray to simultaneously fail.

[0004] Whatis needed is an apparatus and technique
for providing fault tolerance in two dimensional light
modulator arrays of reflective or transmissive elements
used in display systems. Fault tolerance should allow
for failure of single display elements, multiple display el-
ements, or even failure of multiple rows or columns of
display elements without appreciably diminishing dis-
play quality. Preferably, fault correction in such a fault
tolerant system can be accomplished dynamically, and
failure of array elements may even be corrected in real
time.

[0005] According tothe presentinvention there is pro-
vided a display system comprising

a light source,

a display surface,

a two dimensional light modulator array in an optical
path between the light source and the display sur-
face, the two dimensional light modulator array hav-
ing a plurality of light modulators arranged in rows
to modulate light from the source, with at least one
row being susceptible to failure,

a redundant light modulator array having a second
plurality of light modulators arranged in at least one
row to modulate light from the light source, and

an optical element positioned to selectively direct
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lightincident on the redundant light modulator array
toward the display surface to substitute for at least
one failed row of light modulators in the two dimen-
sional light modulator array.

[0006] Fault correction employs redundant rows or ar-
rays that are optically moved into position to fully or par-
tially replace defective rows in a two dimensional light
modulator array. For example, a display system having
a light source and a display surface (which can include
a reflective screen, transmissive screen, or even a hu-
man eye by use of direct retinal scanning) is used to
display an image produced by a two dimensional light
modulator array in an optical path between the light
source and the display surface. The two dimensional
light modulator array has a plurality of light modulators
arranged in rows to modulate light from the light source,
with at least one row having light modulators susceptible
to failure. A redundant light modulator array having a
second plurality of light modulators arranged in at least
one row can be used to modulate light from the light
source, with its light ordinarily being reflected away from
the display surface, absorbed, or otherwise made non-
perceptible (for example, by shuttering to prevent light
hitting the redundant light modulator array). However, if
one or more light modulators fail, an optical element
(such as a mirror, shutter, etc.), is operated to selectively
direct light incident on the redundant light modulator ar-
ray toward the display surface to substitute for at least
one failed light modulator in the row of light modulators
in the two dimensional light modulator array. Such a sys-
tem advantageously allows for effectively replacing one
light modulator, one or more rows of the two dimensional
light modulator, or even large portions of the two dimen-
sional light modulator with appropriately sized redun-
dant light modulators. As will be appreciated, redundant
multiple rows edging (or surrounding) a two dimensional
light modulator array can be moved by a movable ele-
ment to replace edge positioned light modulators. In cer-
tain embodiments, it is contemplated to combine mov-
able elements, redundant light modulator arrays, and
optical elements to provide various fault correction
modes.

[0007] Because of ease of manufacture, predictable
performance, and durability, arrays of microelectrome-
chanical pivoting or deformable mirrors controllably
movable in response to applied electrostatic or electro-
magnetic forces are preferred for reflective displays.
Such mirror systems are commercially available from
Texas Instruments as part of a Digital Mirror Device
(DMD) color projection system. Alternatively, switchable
diffractive light valves such as developed by Silicon
Light Machines, Sunnyvale, CA may be used. In addi-
tion, displays based on ferroelectric, electrolumines-
cent, or twisted nematic liquid crystals can also be used.
Also suitable are displays that can directly switch to an
appropriate transmissive gray level without requiring
use of time resolved gray levels such as needed for bist-
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able reflective devices. Generally any device capable of
modifying gray levels with a frequency exceeding about
10HZ, or more typically, with a frequency between about
100HZ and 1000Hz, whether directly in response to var-
iable analog current such as with liquid crystals, or
through time based techniques such as employed by
digital micromirrors or diffractive light valves, can be
used in the present invention.

Figure 1 is a schematic representation of an exem-
plary two dimensional light modulator array at-
tached to a fixed substrate by an intermediary mov-
able element to allow for controlled physical dis-
placement of the light modulators in row or column
directions, with the light modulators being electro-
statically actuated bistable mirrors or liquid crystal
light absorbers/transmitters that modulate light pro-
jected from a light source;

Figure 2 schematically illustrates a gray scale light
modulator array (physical array) for modulating a
variable intensity light source, with the light modu-
lator displaying a virtual pixel array, with a single de-
fective light modulator resulting in a dark display
pixel;

Figure 3 schematically illustrates the light modula-
tor array of Figure 2 physically displaced by a single
column to effectively share light between the dark
display pixel and adjacent pixels;

Figure 4 schematically illustrates the light modula-
tor array of Figure 3 after image rescaling to adjust
image intensity of remaining pixels to match the
shared greyscale intensity of the dark display pixel
and the adjacent pixel;

Figure 5 schematically illustrates the light modula-
tor array of Figure 4 after light intensity rescaling to
provide a desired greyscale intensity approximating
the gray scale background of Figure 2;

Figure 6 illustrates a light modulator array physically
displaced by multiple columns to effectively share
light between the dark display pixel and several ad-
jacent pixels;

Figure 7 is a light modulator array physically dis-
placed by in two dimensions (such as the illustrated
rectangular movement) to effectively share light be-
tween the dark display pixel and several row and
column adjacent pixels;

Figure 8 is a flowchart schematically illustrating
modules used for implementing a light modulator
failure compensation system;

Figure 9 illustrates an optical oscillatory pixel dis-
placement system; and Figure 10 illustrates an al-
ternative fault tolerant light modulator array projec-
tion system having multiple redundant rows or col-
umns to substitute for non-functioning light modu-
lator rows or columns.

[0008] Figure 1 is a schematic, partially broken away
view of a fault tolerant display system 10 capable of sup-
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porting mechanisms for mechanically or optically com-
pensating for failed, defective, or intermittently operat-
ing pixels in a display. For teaching purposes, Figure 1
illustrates both a transmissive display system 20 and a
reflective display 40 supported by a movable element
14 on a common fixed substrate 12. As shown, the
transmissive display system 20 includes a row and col-
umn array 24 of light transmissive display elements 28
to selectively transmit or absorb light from a light source
22, while the reflective display system 40 includes a row
and column array 42 of pivotal mirrors 44 that selectively
alter reflective direction of light from light source 50.
However, as will be appreciated, a given display will usu-
ally contain either transmissive elements (such as a
conventional active matrix LCD projector, LCD display,
or ferroelectric fluid display) or reflective elements (such
as a digital micromirror disclosed, for example, in U.S.
Patent 5,535,047 to Hornbeck), although certain em-
bodiments may combine transmissive and reflective el-
ements for operation (e.g. a stacked transmissive/re-
flective display using LCD's and a selectively deforma-
ble sheet mirror as discussed later in connection with
Figure 10).

[0009] In operation, each display element 28 in the
light transmissive display system 20 can be selectively
controlled to absorb incident light or allow its transmis-
sion to an image sensor such as a viewer's eye (either
directly or in conjunction with intervening projective op-
tics, magnifiers, or reflectors, not shown). In Figure 1,
absorption of an incident light ray 32 by an absorbing
display element 26 is shown, as is transmission of an
incident light ray 30 through a transmissive display ele-
ment 28. Each display element in the display system is
designed to switch between gray scale states in re-
sponse to control signals sent by control electronics 90
(which can be patterned on the substrate through con-
ventional electronic photolithographic techniques as il-
lustrated, or as a separate control module interfaced
with the display through appropriate control leads). As
will be appreciated, various conventional light absorb-
ers, ferroelectric fluid displays, LCD displays, or other
known light display elements supporting at least two or
more light transmissivity states (eg. 256 gray scale) can
be used in the present invention.

[0010] Gray scale images can also be produced by
controlling the bistable position of each pivotal mirror 44
in the light reflective display system, with each mirror
selectively controlled to reflect incident light to an ab-
sorber (not shown) or allow its transmission to a viewer's
eye (again, either directly or in conjunction with inter-
vening projective optics, magnifiers, or reflectors, not
shown). In Figure 1, ray 58 illustrates reflection of an
incident light ray 56 from light source 50 toward an ab-
sorber (not shown) using a mirror 48 pivoted through
some angle. Reflection of an incident light ray 52 from
light source 50 toward a viewer (or projective optics, not
shown) is illustrated by light ray 54 reflected from an op-
positely tilted mirror 46. A suitable position bistable mir-
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ror (operated with electrostatic actuators) for the present
invention is described in U.S. Patent 5,535,047 to Horn-
beck. As will be appreciated, alternative reflective dis-
play systems can be employed, including deformable
mirrors, mirrors operated with electromagnetic actua-
tors, or any other conventional reflective system known
to those skilled in the art. As with display 20, switching
between light absorbing and light reflecting can again
be controlled using control electronics 90.

[0011] Switching speed for display elements of any of
the foregoing devices will generally be in the millisec-
ond, microsecond, or even nanosecond range, depend-
ing on the particular display architecture. Advanta-
geously, use of high speed switching techniques in con-
junction with inherent temporal smoothing of a viewer's
eye (or other light integrative image sensor) allows for
generation of gray levels using high speed switched
bistable devices (stable reflective/transmissive or non-
reflective/absorptive), with the portion of time that each
display element is switched to reflect or transmit light
being proportional to the perceived gray level. For ex-
ample, if the critical light flicker fusion frequency for a
viewer is about 60 Hz, a display element switchable at
6 KHz could switch about a 100 times between a light
reflective and a non-reflective state without appearing
to flicker. By adjusting the proportion of time in each re-
flective/nonreflective display state, the bistable display
element can be used to generate a gray level display.
By use of colored light sources and such high speed
switching it is even possible to use generate full color
displays such as disclosed, for example, in U.S. Patent
5,592,188 to Doherty et al., assigned to Texas Instru-
ments, Inc. Alternatively, systems of colored filters can
be used to provide color, as well as gray level displays.
[0012] Unfortunately, in practice it is difficult to manu-
facture large arrays having hundreds of thousands, or
even millions, of the foregoing high switching speed dis-
play elements without at least some individual display
elements being uncontrollable through mechanical or
electrical failure. To compensate for such failures, the
array includes a mechanism to physically displace rows
or columns in the display array in response to signals
sent by control electronics 90. As illustrated in Figure 1,
this mechanism can include the movable element 14, a
piezovibrator capable of independently moving in two
orthogonal directions as shown by arrows 16 and 18.
Alternatively the movable element can be a one dimen-
sional piezovibrator, a movable linear stage, an angular
arm, or any other conventional mechanism for periodi-
cally moving transmissive system 20 (or system 40)
through a distance. Movement is generally through a
distance corresponding to integral multiples of each row
or column distance in the array 24 or array 42. For ex-
ample, the movable element 14 can physically move a
certain distance sufficient to allow each row in the array
42 to occupy for a brief time the position of an adjacent
row. Alternatively, in addition to adjacent rows, the mov-
able element 14 can be operated to periodically displace
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each row in the array 24 (or array 42) by two, three, or
more rows with respect to its initial starting position with
respect to the fixed substrate 12. As an extension to one
dimensional movement, and as illustrated with respect
to Figure 1, the movable element can displace an array
24 (or array 42) in a column direction, as well as in a row
direction, to give full two dimensional movement.
[0013] Compensation for failure of individual or multi-
ple display elements in such a fault tolerant display 10
is best described in conjunction with Figures 2, 3, 4, and
5, which shows compensation for a single failed display
element 124 in a schematically illustrated display 110.
As will be appreciated, although the following descrip-
tion of operation is based on a portion of a single row,
pixel displacement can be arbitrary, with row displace-
ment, column displacement, angular displacement, dis-
placement in pixel blocks (using, for example, combina-
tions of row and column displacement) being used. All
functioning display elements are shown in a light trans-
missive (or light reflective) state, with the failed display
element 124 being in a light absorptive (or light non-re-
flective) state. In addition, it will be appreciated that the
array is not limited to substantially square or rectangular
display pixels, with circular, elliptical, hexagonal, or oth-
er suitable geometries. Because of wide availability
however, typically an array of rectangular display ele-
ments arranged in a rectangular grid are used (eg. 1024
rows by 768 columns of rectangular display elements).
[0014] For ease of illustration, in Figure 2 only a por-
tion of a single row of display 110 in the vicinity of the
failed display element 124 is shown. The display 110
can be transmissive, reflective, emissive, a combination
of transmissive and reflective, or any other display ar-
chitecture able to provide high speed gray scale adjust-
ment to individual pixels. The display 110 will typically
include a two dimensional array of display elements for
transmissive or reflective display of an image. Figures
2 through 5 show a variable light intensity source 114
and a one dimensional partial section of a two dimen-
sional physical pixel array 120 consisting of an array of
display elements 121-127 (including failed display ele-
ment 124). As will be appreciated, even though the fol-
lowing discussion is made in terms of gray levels, by use
of fixed or movable colored filters, colored emissive dis-
plays, or other suitable color producing mechanism, cor-
rection of faulty colored display elements is within the
scope of the present invention.

[0015] Display elements 121-126 are each controlled
to display a white pixel in the absence of unintended dis-
play element failures, while display element 127 is con-
trolled to provide a gray pixel (e.g. by time modulation
of bistable reflective or transmissive elements, or direct
gray scale presentation with LCD's). The display ele-
ments 121-127 collectively provide a virtual pixel array
130 consisting of the pixel image of display elements
131-137 developed by application of the variable inten-
sity light source 114 to the physical pixel array 120. The
intensity of the light source is indicated within the vari-
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able light intensity source 114 (intensity 100 in Figure 2,
in arbitrary units), the percentage transmissivity/reflec-
tivity of each display element 121-127 is respectively in-
dicated (eg. 0%, 50%, 100%), and the perceived gray
level of the virtual pixel array 130 shown (on a scale of
0to 100, with 100 being the brightest and 0 being black).
In effect, the virtual pixel array 130 is what a viewer
would see when looking at the display, even if the phys-
ical pixel array 120 is undergoing high speed movement
in conjunction with image processing driven pixel inten-
sity remapping as discussed in conjunction with Figures
3-5.

[0016] As can be seen by inspection of Figure 2, dis-
play element 124 of the physical pixel array 120 has
failed, so that the virtual pixel array 130 has a corre-
sponding dark pixel element 134. However, if the failure
of display element 124 can be determined, remedial
measures to mitigate or entirely correct the failure can
be employed. As seen in Figure 3, the light modulator
array of Figure 2 can be physically displaced by a single
column to effectively share light (through time averag-
ing) between the dark display pixel 134 of the virtual pix-
el array 130 and an adjacent pixel 135. The physical dis-
placement is both high speed and oscillatory, with the
physical pixels being displaced one column and re-
turned to their original position several tens, hundreds,
thousands, or even tens of thousands times each sec-
ond. It is envisaged that, oscillations on the order of 30
to 100 Hz are generally suitable. Absent any image
processing, the virtual pixel array 130 now does not
have a single dark pixel 134, but instead blurs the array
to have two gray pixels 134 and 135, each virtual pixel
having a gray level of 50 instead of the desired gray level
of 100. In addition, the originally gray pixel 137 (having
an original gray level of 20 derived from pixel 127 as
seen in Figure 2) derives half of its share of light with
the adjacent physical pixel element 126, brightening the
virtual display pixel element 137 from a gray level of 20
to a gray level of 60 (20% + 100% divided by 2 to equal
60% light transmission/reflection/transmission).

[0017] Providing a deblurred, rescaled image with the
proper relative gray scale for a virtual pixel display ele-
ments is schematically illustrated in Figure 4. As seen
in Figure 4, image grayscale of pixels 121, 122, 126,
and 127 are scaled down to 50 to match the shared gray-
scale intensity of the dark display pixel and the adjacent
pixel. To prevent unwanted brightening of virtual pixel
element 133, pixel 123 is scaled to have a grayscale
intensity of 50 while physically in a position that provides
virtual pixel 133, and a gray scale intensity of 100 when
moved one column leftward into the position that gen-
erates virtual pixel 134. Similarly, pixel 125 is scaled to
have a grayscale intensity of 100 while physically in a
position that provides virtual pixel 135, and a gray scale
intensity of 50 when moved one column leftward into the
position that generates virtual pixel 136. As a result, the
virtual pixel array 130 now displays a uniform grayscale
intensity of 50 for each pixel element 131-136. In addi-
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tion, to provide a correct gray scale for virtual pixel 137,
pixel 126 must be scaled to have a grayscale intensity
of 50 while physically in a position that provides virtual
pixel 136, and a gray scale intensity of 10 when moved
one column leftward into the position that generates vir-
tual pixel 137. As seen in Figure 5, this rescaled image
(with elements 131-136 having a perceived grayscale
of 50, and element 137 having a perceived gray scale
of 10) is corrected for brightness by doubling (100 to
200) the light intensity of the light intensity source 114.
This brings the perceived gray level back to the target
value of 100 for pixels 131-136 (and 20 for pixel 137) in
the virtual pixel array 130.

[0018] As will be appreciated, oscillatory movement
of a physical pixel array 120 is not limited to single pixel
displacements. Figure 6, which substantially corre-
sponds to the array illustrated in Figure 3, shows dis-
placement of the physical pixel array 120 by three pixel
elements. In contrast to the array illustrated in Figures
2-5, the target value of all pixel elements in Figure 6 is
100, with the single failed pixel having a gray level of 0.
The shown displacement allows light from a single failed
modulator to be spread among three pixels, decreasing
the required intensification of the light intensity source
114 to bring the perceived level back to its target gray
level value of 100. Oscillatory pixel displacement can
correspond to five, ten, or more columns (or rows) using
suitable actuators and pixel arrays having a suitably
high switching speed.

[0019] Itwill be understood that, oscillatory movement
can be two dimensional. Figure 7, which substantially
corresponds to the array illustrated in Figure 3, shows
displacement of the physical pixel array 120 in two di-
mensions. Movement is by sequential and repeated col-
umn displacement of one pixel leftward, one row up-
ward, one column rightward, and one row downward
back to the original position. Again, the target value of
all pixel elements is 100, with the single failed pixel hav-
ing a gray level of 0. This two dimensional displacement
allows light from a single failed modulator to be spread
among four adjacent pixels, decreasing the required in-
tensification of the light intensity source 114 to bring the
perceived level back to its target gray level value of 100.
Oscillatory pixel displacement can be varied to have oth-
er oscillatory patterns. For example, movement could
be by sequential and repeated column displacement of-
ten pixels leftward, one row upward, ten columns right-
ward, and one row downward back to the original posi-
tion, to provide a high aspect rectangular pixel displace-
ment orbit (as compared to the square orbit of Figure 7).
Other repeating patterns can of course be employed as
desired.

[0020] The foregoing image processing and display
mechanisms are schematically illustrated with refer-
ence to Figure 8. In operation, a light modulator failure
compensation system 80 requires a light modulator fail-
ure identification unit 81 to identify malfunctioning light
modulators (physical pixels in a one or two dimensional
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physical pixel array). Failure identification can be a one-
time electronic or optical inspection at a manufacturing
facility, or more preferably can be made "on the fly" dur-
ing device warm-up or operation. Optical identification
can be as simple as inspecting an array to see which
element is anomalously bright (or dark). Electronic iden-
tification can rely on addressing each light modulator to
switch optical states (gray levels) while simultaneously
measuring capacitance, resistance, or any other suita-
ble electrical switching response properties, with fail-
ures being identified by inappropriate electrical respons-
es. For example, an electrostatically actuated micromir-
ror held in a non-reflective state by stiction, damaged
supports, or blocking debris would not report a normally
expected capacitance change during switching, allow-
ing it to be identified as a failed light modulator.

[0021] If any light modulators have failed, the oscilla-
tory pixel displacement unit 82 is utilized to distribute
light from two or more physical pixels to each respective
virtual pixel in a virtual pixel array seen by a viewer. The
physical pixel array is moved by mechanical (as seen in
Figures 4-7), optical (as seen in the following Figure 9),
or opto-mechanical techniques (as seen in the following
Figure 10) that cause periodic displacement of the phys-
ical array of light. The extent, directionality, speed, and
path of physical pixel array movement can be controlled
by on-board or external digital or analog controllers, and
can be optionally adjusted to provide for better image
compensation. For example, a one dimensional move-
ment of the physical pixel array with a two or three pixel
movement shift may be initially adequate for light distri-
bution. However, as additional light modulators fail, two
dimensional movement at a higher speed may be re-
quired to provide adequate image quality.

[0022] Positional and velocity information from the
light modulator failure identification unit 81 and the os-
cillatory pixel displacement unit 82 is passed to image
processing software or firmware in the image shift com-
pensator 83. Again, the software can be onboard (di-
rectly formed on the substrate as seen in Figure 1), or
can be a separate memory and logic module (digital or
analog) connected to the oscillatory pixel displacement
unit and the electronics necessary for driving pixel im-
age display. The compensator 83 is used to shift image
position in coordination with periodic displacement of
the oscillatory pixel displacement unit 82. In operation,
the digital information used to provide a pixel image is
periodically shifted one or more pixels in coordination
with the movement of the physical array, so that two or
more physical pixels together create a virtual pixel. For
example, as each pixel was physically moved leftward
two pixels, the pixel image display was moved rightward
by two pixels, causing each virtual pixel to appear to re-
main unchanged (and unblurred), even though three
physical pixels are actually providing light to a single vir-
tual pixel.

[0023] As will be appreciated by those skilled in the
art, the image shift compensator 83 can optionally pro-
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vide for subpixel display precision using various hyper-
acuity techniques. For example, sub-pixel edge place-
ment is enabled if specific light modulators are turned
on not only while at integral pixel distance intervals, but
for some amount of time while at a fractional distance
from each integral pixel position. While generally requir-
ing a higher frequency of oscillation of the physical array,
hyperacuity techniques based on timing can arbitrarily
increase effective display resolution, and are particular-
ly useful for minimizing aliasing features that are easily
detected by human viewers.

[0024] Information from units 81, 82, and 83, including
any optional hyperacuity timing information, is passed
to animage intensity rescaling unit 84. As previously de-
scribed in connection with Figures 2-5, the rescaling unit
84 modifies some or all of the displayed gray levels of
light modulators in the physical pixel array. The image
intensity rescaling unit 84 controls this gray level adjust-
ment, with those light modulators positioned adjacent to
a failed light modulator generally having the greatest dif-
ferential gray level adjustment, and/or requiring rapid
switching of gray levels (depending on their physical pix-
el position relative to the virtual pixel).

[0025] The loss in overall brightness can optionally be
corrected by use of a variable light source intensification
unit 85 (corresponding to light source 50 of Figure 1).
Compensation for loss of image brightness is possible
by simply increasing brightness of the light source in-
tensification unit 85. Such brightness correction is eas-
ier if a large number of physical pixels provide each vir-
tual pixel, with a 2:1 physical to virtual pixel ratio (such
as discussed in connection with Figures 2-5) requiring
a doubling of light source brightness, while a 10:1 ratio
only requires about a 10% increase in brightness to pro-
vide a fully corrected image 86. As will be appreciated
by those skilled in the art, because of greater viewer ac-
ceptance of generalized or localized brightness varia-
tions as compared to point or line defects, use of a var-
iable light source intensification unit 85 may not be re-
quired to satisfy viewer expectations. In such a case, an
approximately corrected image 86 will be displayed,
with brightness losses in the vicinity of failed pixel ele-
ments being imperceptible or at least not bothersome to
a viewer. The present invention contemplates selective
image display intensity adjustments in the region of the
failed pixels, with minimal or negligible corrections to far
removed regions (for example, those regions positioned
ten to a hundred pixels away from the failed pixel).
Again, because of known limits to human visual percep-
tion, such limited compensation may provide adequate
fault correction for viewers.

[0026] As will be appreciated, movement of the two
dimensional light modulator array (whether mechanical
or optical or opto-mechanical) does not have to be ex-
clusively through stepwise translation. Instead, move-
ment may occur continuously over a distance of multiple
pixels, with acceleration and deceleration occurring
when a change of direction of motion is required. Such
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a continuous motion profile would result in the physical
pixels occupying specific virtual pixel locations for dif-
ferent amounts of time. With appropriate modifications,
the image shift compensator unit 83 can utilize informa-
tion about the position and velocity of the effective array
motion to determine the appropriate image shift and in-
tensity corrections such as described in connection with
Figure 8. For example, an implementation which utilizes
oscillatory translation over a distance of 20 pixels may
have uniform velocity in the center of the oscillation, but
will move slower at the endpoints. The image shift com-
pensator can obtain information about the motion
through position feedback, through velocity feedback,
or through other means of prescribing motion, such as
a constraining motion to be a function of time, and make
corrections as necessary to display a deblurred image.
[0027] The present invention provides an alternative
to physically moving the array; as discussed in connec-
tion with Figure 1, to create a correspondence of two or
more physical pixels to each virtual pixel. Figure 9 illus-
trates a schematic, partially broken away view of a fault
tolerant display system 210 capable of supporting
mechanisms for optically compensating for failed, de-
fective, or intermittently operating pixels in a display. For
teaching purposes, Figure 9 illustrates a mirror based
reflective display 240 having row and column physical
arrays 242 of pivotal mirrors 244 fixedly mounted to ro-
tate with respect to a substrate 212. However, as those
skilled in the art will appreciate, various other reflective
or transmissive display devices, including those dis-
cussed in connection with Figure 1, can be used in the
present invention.

[0028] In operation, a virtual gray scale pixel array im-
age 280 on a screen 282 can be produced by controlling
the bistable position of each pivotal mirror 244 in the
physical array 242, with each mirror selectively control-
led to reflect incident light to an absorber (not shown) or
allow its transmission to screen 282 via a pixel image
displacement mirror 270 (pivotably mounted on an ac-
tuator 272) either directly or in conjunction with interven-
ing projective optics, magnifiers, or fixed reflectors (not
shown). As shown in Figure 9, an incident light beam
256 from light source 250 strikes the physical array 242
of light modulators, and is reflected in a desired image
pattern toward mirror 270. The mirror 270 can be rotated
(for example, at a 10Hz, 100HZ, 1000Hz, or greater fre-
quency) by an actuator 272 to displace the beam by a
distance corresponding to one or more virtual pixels of
the virtual gray scale pixel array image 280. Operation
of actuator 272 for pivoting the mirror in direction 274
can be enabled in either one, two, or three dimensions
by electrostatic attraction, electromagnetic attraction, a
piezovibrator, a movable linear stage, an angular arm,
or any other conventional mechanism for periodically ef-
fecting rotation or movement of mirror 270.

[0029] In a manner similar to that previously dis-
cussed in connection with Figure 1, on-board control
electronics 290 can be used for implementing various
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image processing module units previously described in
connection with Figure 8, including mirror fault identifi-
cation, image rescaling, optional hyperacuity process-
ing and control of mirror 270 for virtual pixel movement.
Movement of mirror 270 is generally through a distance
corresponding to integral multiples of each row or col-
umn distance in the virtual gray scale pixel array image
280. For example, in the illustrated embodiment, the
mirror 270 can rotate a certain distance sufficient to al-
low each row 284 in the array 280 to occupy for a brief
time the position of an adjacent row 286. As will be ap-
preciated, by use of a two dimensional movement of mir-
ror 270, full two dimensional movement pixel displace-
ment is also possible.

[0030] Figure 10 illustrates yet another embodiment
of the present invention for fault tolerant correction of
damaged physical pixel arrays. Fault tolerant display
system 310 supports redundant arrays 385 mounted on
substrate 312 for mechanically or optically compensat-
ing for failed, defective, or intermittently operating pixels
in a display. System 310 includes a mirror based reflec-
tive display 340 having a row and column physical array
342 of pivotal mirrors 344 mounted for bistable rotation
with respect to a substrate 312. The reflective display
340 is further mounted on a movable element 314, sim-
ilar to that discussed in connection with Figure 1, for sup-
porting oscillatory movement of array 342. As those
skilled in the art will appreciate, various other reflective
or transmissive display devices, including those dis-
cussed in connection with Figure 1, can be used in the
present invention. In addition, multiple redundant rows
or columns are contemplated for operation of alternative
embodiments of the present invention, with complete
duplication of all rows or columns of physical array 342
being within the scope of the invention.

[0031] Inoperation, a virtual gray scale pixel array im-
age 380 on a screen 382 can be produced by controlling
the bistable position of each pivotal mirror 344 in the
physical array 342 of light modulators, with each mirror
selectively controlled to reflect incident light to an ab-
sorber (not shown) or allow its transmission to screen
382 to provide a virtual pixel array image 380. In the
absence of any pixel defects, incident light beam 356
from light source 350 striking the redundant array 385
of light modulators is ordinarily reflected away from the
screen 382. If there are a few point light modulator de-
fects, the physical array 342 can be oscillated (by pie-
zovibrator 314 in directions 316 and 318, for example)
and subjected to various image processing techniques
such as discussed in connection with Figure 8 to provide
adequate fault correction. However, if there are a great
many adjacent light modulator failures in the physical
array 342 resulting in non-operative virtual pixels (for ex-
ample, those failed virtual rows 386), the foregoing de-
scribed techniques may be unable to fully compensate
for the faults.

[0032] Fortunately, the embodiment of the invention
described in relation to Figure 10 allows for large scale
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compensation of numerous row or column faults. A mir-
ror 370 can be rotated in direction 374 by actuator 372
to map the reflected beam from the redundant array 385
from its initial virtual position (rows 384) onto the posi-
tion of failed virtual rows 386. Like the embodiment of
the invention discussed with reference to Figure 9, op-
eration of actuator 372 for pivoting the mirror can be en-
abled in either one, two, or three dimensions by electro-
static attraction, electromagnetic attraction, a piezovi-
brator, a movable linear stage, an angular arm, or any
other conventional mechanism for periodically effecting
rotation or movement of mirror 370. The mirror 370 can
be fixed in position to direct a virtual pixel image from
redundant rows to overlap rows of failed pixels. This can
be a one time adjustment of mirror position, or more typ-
ically the mirror can be dynamically moved after opera-
tion of light modulator failure identification unit (such as
described in connection with Figure 8) to create an over-
lap of the redundant virtual pixels and the failed virtual
pixels. In certain embodiments of the invention, large
numbers of redundant rows, including as many redun-
dant rows as are present in the physical array 342, can
be positioned beside the physical array. In practice, two
highly defective physical arrays can be positioned to
project an overlapping virtual array, with the second
physical array turning on (when required) only those pix-
els that are positioned to replace failed pixels in the first
physical array. Such an embodiment of the present in-
vention allows two costly, yet defective, physical arrays
to cooperate to emulate a non-defective array. Since
failure rates currently approach 80% to 90% for many
varieties of high pixel density physical arrays, the
present invention of combining two defective physical
arrays can be cost effective.

[0033] As seen in Figure 10, overlapping virtual pro-
jections from redundant rows and the physical array can
be employed in conjunction with an oscillatory fault com-
pensation mechanism such as describe in connection
with Figures 1-8. In those situations where the physical
array 342 of light modulators is oscillating in directions
316 or 318 (as aresult of operation of piezovibrator 314),
the mirror 370 can be rotated in one or two dimensions
to track oscillatory movement of the physical array, in a
manner similar to that described in connection with Fig-
ure 9. This allows large scale row defects to be com-
pletely compensated for by virtual projections of redun-
dant arrays, while isolated pixel failures can be correct-
ed for using oscillatory movement and image process-
ing such as discussed in connection with Figures 1-8.
In addition, as those skilled in the art will appreciate, os-
cillatory movement allows for straightforward replace-
ment of failed pixels on an array edge. For example, the
physical array can be surrounded by ten or twenty rows
(or columns) of redundant arrays that are transiently
moved into position to provide replacement virtual pix-
els.
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Claims

1.

A display system comprising

a lightsource (250),

a display surface (282),

a two dimensional light modulator array (242)
in an optical path between the light source (250)
and the display surface 282), the two dimen-
sional light modulator array (242) having a plu-
rality of light modulators (244) arranged in rows
to modulate light from the light source (250),
with at least one row being susceptible to fail-
ure,

a redundant light modulator array (242) for sub-
stituting said at least one row, said redundant
light modulator (242) having a second plurality
of light modulators (244) arranged in at least
one row to modulate light from the light source
(250), characterized by

an optical element (270) positioned to selec-
tively direct light incident on the redundant light
modulator array (242) toward the display sur-
face (282) to substitute for at least one failed
row of light modulators in the two dimensional
light modulator array (242).

The display system of claim 1, wherein the plurality
of light modulators (244) reflect light.

The display system of claim 1 or 2, wherein the op-
tical element (270) selectively directs light incident
on atleast two rows of the redundant light modulator
array (242) to substitute for at least two failed rows
of light modulators in the two dimensional light mod-
ulator array (242).

The display system of claim 2 or 3, wherein the op-
tical element (270) further comprises an actuator
(272) to move the optical element (270) between
predetermined positions.

The display system of claim 4, wherein the two di-
mensional light modulator array (342) is movable
with respect to the optical element (370), and
wherein the optical element (370) is movable to
track movement of the two dimensional light mod-
ulator array (342).

The display system of claim 5, wherein the actuator
(372) moves the optical element (370) at a frequen-
cy greater than about 10kHz.

The display system of any preceding claim, wherein
the redundant light modulator array (242) has sub-
stantially as many light modulators as the two di-
mensional light modulator array (242).
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Patentanspriiche

1.

Eine Anzeigevorrichtung umfassend
eine Lichtquelle (250),
eine Anzeigeoberflache (282),

ein zweidimensionales Lichtmodulatorfeld
(242) in einem optischen Pfad zwischen der
Lichtquelle (250) und der Anzeigeoberflache
(282), wobei das Lichtmodulatorfeld (242) eine
Vielzahl von Lichtmodulatoren (244) aufweist,
die in Reihen angeordnet sind, um das Licht
von der Lichtquelle (250) zu modulieren mit
mindestens einer Reihe, die empfindlich auf
Fehlfunktionen ist,

ein redundantes Lichtmodulatorfeld (242) um
mindestens diese eine Reihe zu ersetzen, wo-
bei der redundante Lichtmodulator (242) eine
zweite Vielzahl von Lichtmodulatoren (244)
aufweist, die in mindestens einer Reihe ange-
ordnet sind, um das Licht von der Lichtquelle
(250) zu modulieren, gekennzeichnet durch

ein optisches Element (270), das so angeord-
net ist, um selektiv das auf das redundante
Lichtmodulatorfeld (242) einfallende Licht zu
der Anzeigeoberflaiche (282) zu lenken, um
mindestens eine ausgefallene Reihe von Licht-
modulatoren in dem zweidimensionalen Licht-
modulatorfeld (242) zu ersetzen.

Die Anzeigevorrichtung nach Anspruch 1, worin die
Vielzahl von Lichtmodulatoren (244) Licht reflektie-
ren.

Die Anzeigevorrichtung nach Anspruch 1 oder 2,
worin das optische Element (270) selektiv das auf
mindestens zwei Reihen des redundanten Lichtmo-
dulatorfeldes (242) einfallende Licht zu lenken, um
mindestens zwei ausgefallene Reihen von Lichtmo-
dulatoren in dem zweidimensionalen Lichtmodula-
torfeld (242) zu ersetzen.

Die Anzeigevorrichtung nach Anspruch 2 oder 3,
worin das optische Element (270) weiter ein Stell-
mittel (272) umfasst, um das optische Element
(270) zwischen vorbestimmten Positionen zu bewe-
gen.

Die Anzeigevorrichtung nach Anspruch 4, worin das
zweidimensionale Lichtmodulatorfeld (342) hin-
sichtlich des optischen Elements (370) beweglich
ist, und worin das optische Element (370) beweg-
lich ist, um die Bewegung des zweidimensionalen
Lichtmodulatorfeldes (342) nachzufiihren.
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6.

Die Anzeigevorrichtung nach Anspruch 5, worin das
Steffmittel (372) das optische Element (370) mit ei-
ner Frequenz gréRer als ungefahr 10 kHz bewegt.

Die Anzeigevorrichtung nach einem der vorherge-
henden Anspriiche, worin das redundante Lichtmo-
dulatorfeld (242) im Wesentlichen genau so viele
Lichtmodulatoren wie das zweidimensionale Licht-
modulatorfeld (242) aufweist.

Revendications

1.

Dispositif d'affichage comprenant
une source de lumiére (250),
une surface d'affichage (282),

un dispositif modulateur de lumiére a deux di-
mensions (242) dans un parcours optique entre
la source de lumiere (250) et la surface d'affi-
chage (282), le dispositif modulateur de lumiére
a deux dimensions (242) ayant une pluralité de
modulateurs de lumiére (244) agencé pour for-
mer des rangées afin de moduler la lumiere
provenant de la source de lumiére (250), au
moins l'une des rangées étant sensible a une
défaillance,

un dispositif modulateur de lumiére redondant
(242) destiné a se substituer a ladite au moins
I'une des rangées, ledit modulateur de lumiére
redondant (242) ayant une seconde pluralité de
modulateurs de lumiére (144) agencés pour
former au moins une rangée pour moduler la
lumiere provenant de la source de lumiére
(250), caractérisé par

un élément optique (270) positionné pour orien-
ter de fagon sélective la lumiére incidente sur
le dispositif modulateur de lumiére redondant
(242) vers la surface d'affichage (282) pour se
substituer a au moins l'une des rangées dé-
faillantes de modulateurs de lumiére dans le
dispositif modulateur de lumiére a deux dimen-
sions (242).

Dispositif d'affichage selon la revendications 1,
dans lequel la pluralité de modulateurs de lumiére
(244) réfléchit lumiere.

Dispositif d'affichage selon la revendication 1 ou 2,
dans lequel I'élément optique (270) oriente de fagon
sélective la lumiére incidente sur au moins deux
rangées du dispositif modulateur de lumiere redon-
dant (242) pour se substituer a au moins deux ran-
gées défaillantes de modulateurs de lumiére dans
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le dispositif modulateur de lumiére a deux dimen-
sions (242).

Dispositif d'affichage selon la revendication 2 ou 3,
dans lequel I'élément optique (270) comprend en
outre un actionneur (272) pour déplacer I'élément
optique (270) entre des positions prédéterminées.

Dispositif d'affichage selon la revendication 4, dans
lequel le dispositif modulateur lumiére a deux di-
mensions (342) peut étre déplacé par rapport a
I'élément optique (370), et dans lequel I'élément op-
tique (370) peut étre déplacé pour obtenir le dépla-
cement tracé du dispositif modulateur de lumiére a
deux dimensions (342).

Dispositif d'affichage selon la revendication 5, dans
lequel I'actionneur (372 ) déplace I'élément optique
(370) a une fréquence supérieure a environ 10 kHz.

Dispositif d'affichage selon I'une quelconque des
revendications précédentes, dans lequel le dispo-
sitif modulateur de lumiére redondant (242) posseé-
de sensiblement autant de modulateurs de lumiére
que le dispositif modulateur de lumiére a deux di-
mensions (242).
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